Alpine wetlands are important ecosystems, but an increased availability of soil nutrients may affect their soil nitrous oxide (N 2 O) fluxes and key enzyme activities. We undertook a 3-year experiment of observing nitrogen (N) and/or phosphorus (P) addition to alpine wetland soils of the Tibetan Plateau, China, with measurements made of soil extracellular enzyme activities and soil N 2 O fluxes. Our study showed that soil N 2 O flux was significantly increased by 72% and 102% following N and N+P additions, respectively. N addition significantly increased acid phosphatase (AP) and β-1, 4-N-acetyl-glucosaminidase (NAG) activities by 32% and 26%, respectively. P addition alone exerted a neutral effect on soil AP activities, while increasing NAG activities. We inferred that microbes produce enzymes based on 'resource allocation theory', but that a series of constitutive enzymes or the treatment duration interfere with this response. Our findings suggest that N addition increases Nand P-cycling enzyme activities and soil N 2 O flux, whereas P addition exerts a neutral effect on P-cycling enzyme activities and N 2 O flux after 3 years of nutrient applications to an alpine wetland.
Introduction
Nitrous oxide (N 2 O) is the main contributor to global warming. The gas has a warming potential that is 298 and 21 times as high as that of carbon dioxide and methane, respectively, and adds greatly to the greenhouse effect and ozone depletion in the stratosphere [1] . N 2 O emissions from terrestrial soils have been determined to be the most important source of atmospheric N 2 O flux (57%) [2] , which increased by nearly 20% between the 1750s and 2011s [3] . Currently, there is a large body of evidence to show that global atmospheric nitrogen (N) deposition has increased dramatically [4] , with the average bulk deposition of N having increased from 13.2 kg N ha which N 2 O is produced in soils. In many terrestrial ecosystems, N is a major limiting nutrient and coupling occurs between nutrient cycles with interactions between soil N and phosphorus (P) possibly influencing the biogeochemical responses to an excess of one nutrient in a specific stoichiometric ratio [6] [7] [8] . For instance, an excess of N could influence available pools of P by virtue of shifting enzyme activities, mineralization and uptake processes, thereby having a strong influence on N 2 O emissions from soils [2, 6] .
A meta-analysis showed that N 2 O emissions from N addition plots (0-400 kg N ha −1 yr −1 ) were 134% higher than that of control plots in terrestrial ecosystems as a consequence of increasing available mineral N in soils [9] . However, several experimental studies have found N 2 O flux had negative response to P addition in plantation soils [10] [11] [12] , with one suggested mechanism being that P addition simulated plant uptake of soil N, and reduced the available N substrate; whereas, the combined application of P and N had a neutral effect on N 2 O flux, although P addition reduced the stimulation of N 2 O emission by N addition in P-limited forest soil [11, 13, 14] . In contrast, other studies have demonstrated that the combined application of P and N significantly increased N 2 O flux in forest soil. This may be due to increased microorganism abundance and activity in soils driven by the synergistic effect of N and P [2, 6, 15] . Hence, terrestrial ecosystems can respond differently to increasing levels of N and P addition and N 2 O flux can increase or decrease due to differences in the ecosystem and soil properties.
Soil enzymes involved in biochemical processes are closely associated with nutrient cycling and energy conversion [16] . Bai et al. [17] showed urease activity could reflect N 2 O flux, which was not only affected by environmental factors. A significant negative correlation between acid phosphatase (AP) and N 2 O flux was found under different soil type [18] . In nutrient-deficiency soil environment, microbes hydrolyze complex organic matter via extracellular enzymes and release C, N and P, which are absorbed and utilized by microbes and plants [19] . This is consistent with the economic theories of microbial metabolism indicating that if nutrients are limited, enzyme production increases, whereas under nutrients-rich conditions, enzyme production decreases [20] . For example, in P-restricted soil, phosphatase activity increased [21] , however, the application of P fertilizers increased the availability of P in the soil, and phosphatase activities were suppressed [22] . Enzyme activities in the soil can be used as an indicator of the nutritional requirements of microbes and plants [22] . Nevertheless, according to previous studies, N and/or P addition showed positive, negative or neutral effects on soil enzyme activities [2, 15, 21] , depending on the particular soil properties, the levels of N and/or P additions, and the enzymes assayed.
Although the effect of N and P addition on the processes of nutrient recycling has been studied in many ecosystems, the results of research on interactions between soil N and P and how they influence biogeochemical responses to enrichment by one nutrient are inconsistent [9, [10] [11] [12] [13] [14] . In particular, how N and P addition influence N 2 O flux and enzyme activities are not well understood in the alpine wetland of the Tibetan Plateau. The plateau covers nearly one-quarter of China's land area, which regarded as "the roof of the world" and "the third pole". This area has the highest altitude in the world and is one of the most sensitive regions to global atmospheric changes [23] . Crucially, the annual average temperature of the alpine wetland is about 0˚C, which results in a low rate of N and P decomposition. In addition, the alpine wetland receives atmospheric N deposition rate to a value of 10-15 kg N ha −1 yr −1 [24] ; also, the region is one of the most important animal husbandry area in China, which produces a large amount of livestock manure and increases N and P input into wetland soils [25] . Therefore, a field-based in situ controlled experiment carried out to investigate the response of soil N 2 O flux and enzyme activities to N and P addition in an alpine wetland ecosystem. Specifically, plant biomass, soil N availability, N 2 O flux, soil microbial biomass, and several soil extracellular enzyme activities related to N-, and P-cycling were measured as response variables during the growing season from 2014 to 2016. Many terrestrial ecosystems are N limited and the utilization of N and P is in accordance with a certain stoichiometric ratio. Hence, we hypothesized that (1) N and/or P application could increase N 2 O flux, with N and P promoting N 2 O flux more than either nutrient application alone; (2) N addition would have a positive effect on P-cycling enzyme activities but inhibit the those of N-cycling enzymes, while P addition would show the opposite pattern according to the theory of resource allocation [20] .
Materials and methods

Site design
This study was conducted in an alpine wetland in the Zoigê National Reserve (102˚56'59" E, 33˚34'54" N, at 3452 m a.s.l.), located in the eastern region of the Tibetan Plateau, China. The mean annual temperature and precipitation in this area is approximately 1.4˚C (min: -10.6˚C in January, max: 10.8˚C in July) and 700 mm, respectively [26] . Precipitation, with seasonal variation, occurs mainly between April and October; the soil water content averages 132%. The soil here is peaty, acidic and rich in organic C, with an average peat layer thickness of 2-5 m [27] . Carex muliensis and C. lasiocarpa are dominant plant species in the alpine wetland. Before N and P were added, soil samples from a depth of 0-15 cm were collected (with four replicates) in each plot using corers with a diameter of 3.5 cm in May 2014. Soil organic C and total N contents were~26% and~1%, respectively, and soil C: N ratios ranged from 21 to 22 (Table 1 ). The initial soil properties showed no significant differences among the treatment plots.
Experimental treatment
The plots in this study were randomly distributed on flat wetland ground. In total, we established 16 plots, each 10 m × 10 m, within the experimental site in 2014. Buffer zones were 5-m wide between the plots. N was uniformly applied to soil at the rate of 0 or 20 kg N ha −1 yr −1 in the form of NH 4 NO 3 . Each treatment of N was accompanied with 0 or 10 kg P ha −1 yr −1 as NaH 2 PO 4 . There were four treatments: control, N addition, P addition, and N+P addition. Each treatment had four replicates. We chose a higher than natural N and P addition rate, which is typical of that normally applied to wetland soils on the Tibetan Plateau [28] [29] [30] . Over a 3-year period, N and/or P were added equally on the first day of the month during the growing season from 2014 to 2016 (i.e., from May to September). Additions of NH 4 NO 3 and NaH 2 PO 4 were dissolved in 7.5 L of deionized water and sprayed evenly on the soil surface with a sprayer and the same amount of deionized water was sprayed on the control plots to reduce the impact of water on the plots.
N 2 O flux sampling
Soil N 2 O flux was measured using a static opaque chamber equipped with a stainless steel base and a square top. During the entire experiment, a stainless steel base was embedded into a soil area selected as the experimental plot. A removable top (50 cm × 50 cm × 50 cm) containing two small fans ensuring proper mixing was installed inside the fixed base to collect gas. Air temperatures (Ta) and soil temperatures (Ts) at a depth of 5 cm were recorded using a digital thermometer. Gas was collected four times, at 09:00-11:00 a.m. on the 7 th , 14 th , 21 st and 28 th day after N and P addition in each month from May to September (2014-2016). At each time point, four 100-mL gas samples were collected from each plot at 10 min intervals using plastic syringes. Gas sampling lasted for half an hour on each plot and samples were stored within 12 h, before being measured in the gas chromatograph (Agilent 7890A, Agilent Technologies Inc., Palo Alto, CA, USA.).
) was calculated from 2014 to 2016 as follows [31] : ); R is gas constant (J mol
); P and T is air pressure (Pa) and air temperature (K) inside the chamber, respectively, and H is the height of the sampling box (m).
Soil cumulative N 2 O flux (kg N ha
) was calculated spanning the growing season following the method described by Xu et al. [31] . 
Soil samples and their analyses
Surface litter was first removed and four soil cores (3.5 cm in diameter) from the topsoil (0-15 cm) were randomly collected on four occasions. The soil samples were stored at -4˚C before being measured. Soil water content and bulk density were measured using the oven-drying method (at 105˚C, for 8 h) and core method, respectively. The water-filled pore space (WFPS, %) of soil was calculated as described by Jian et al. [18] .
Soil pH was measured on a soil-water suspension (1: 2.5) using pH meter (PB-10 pH meter, Sartorius Co.). The NH 4 + -N and NO 3 − -N concentrations were measured by extraction with KCl and then followed by colorimetric analysis on a spectrophotometry (T6-1650E UV-Vis spectrophotometer, Purkinje Co., China) and dual-wavelength spectrophotometry (T6-1650E UV-Vis spectrophotometer, Purkinje Co., China), respectively. Available P was extracted with sodium bicarbonate solution and analyzed by colorimetry [11] . Soil microbial biomass was determined using a chloroform fumigation extraction method [32] . The enzyme activities of AP and β-1, 4-N-acetyl-glucosaminidase (NAG) were determined using 96-well microplates as described by Turner et al. [21] . In brief, we homogenized 1.00 g soil in 125 ml of 50 mM Tris buffer (pH 7). Soil suspension then was added to a 96-well microplate along with 50 ml of 200 mM fluorogenic substrate in each well of the measurement plants. Measurement plates incubated for 6 h at 25˚C in the dark were measured with a fluorescence spectrometer (Spectramax M2, Molecular Devices, Sunnyvale, CA, USA.).
Plant biomass analysis
Aboveground biomass was estimated by clipping the live biomass of vegetation in the plots. Specifically, the arial parts of living plant were harvested from 25 cm × 25 cm quadrat randomly established in each plot at the end of the growing seasons in 2014, 2015 and 2016. The ensuing dry matter weighed as aboveground biomass after being oven-dried at 70˚C for 48 h. A part of plant was used for chemical analyses after determination of dry mass. Total N of plants was determined by using the Kjeldahl method after wet digestion with sulfuric acid [33] . Four soil cores (3.5 cm in diameter) were sampled from the same quadrats at a depth of 0-15 cm to analyze soil root biomass. Root samples were cleaned with water and then ovendried and weighed as belowground biomass. After completing these measurements, all remaining harvested biomass was returned to the original quadrats in a random distribution. SPSS 22 .0 software (IBM Corp., Armonk, NY, USA.) was used for statistical analyses. At P < 0.05, statistical tests were considered to be significant. Mean differences in soil properties, plant primary productivity, enzyme activities, soil microbial biomass C (MBC) and microbial biomass N (MBN), between different N and P additions (four treatments) were examined using one-way analysis of variance. Repeated-measures analysis of variance was used to analyze the effects of time, fertilizer addition (N and/or P addition), and their interactions on soil 
Statistical analysis
Results
Soil water conditions, temperature and plant biomass
The mean values of Ts and WFPS for the growing season were 16.55˚C and 81%, respectively. However, N and/or P addition neither affected Ts nor WFPS (P > 0.05). Total biomass was 1065.32 ± 34.83 g m −2 in the control plot. There were increases in total biomass of 48% and 62% in the N and N+P addition via increases in both above-and underground biomass. However, the P addition only had a significant effect with respect to increased aboveground biomass (P < 0.05, Table 2 ).
N 2 O flux
Soil N 2 O flux showed temporal fluctuations during the growing season (Fig 1A) . Fig 1A) . The relationship between time (month) and fertilizer addition forms (N and/or P) had a significant effect on soil N 2 O flux (P < 0.05, Table 3 ). Considering the cumulative N 2 O flux, it was significantly increased by N addition and N+P addition, whereas P addition had no significant effect on cumulative N 2 O flux. Cumulative N 2 O flux in N and N+P additions plots in comparison with control, increased by an average of 72% and 102% during the growing season from 2014 to 2016, respectively. However, the effect of N+P addition on the cumulative N 2 O flux was stronger than N addition alone in the first year (2014), but this difference became insignificant in the next two years (Fig 1B) . Cumulative N 2 O flux was significantly affected by fertilizer addition forms, and there was no influence between year and fertilizer addition forms (Table 3) .
Response of soil microbes to N and/or P addition
Soil microbial biomass tended to significantly increased by N and N+P addition, but for P addition, it was close to the soil microbial biomass found in the control plot. In the N and N+P addition plots, MBC increased by an average of 44% and 47%, while MBN increased 52% and 56%, respectively (Table 4 ). There was no significant difference between N addition alone and N+P addition. AP activities only increased with N addition, from 0.87 ± 0.02 to 1.15 ± 0.03 nmol g
(32% increase). In contrast, the P addition and N+P addition apparently had negligible effects on AP activities during the study period. NAG activities under N addition, P addition and N +P addition were annually increased by an average of 26%, 33% and 27% over the control, respectively (Table 4) .
Soil properties and their correlation with N 2 O flux and enzyme activities
Simple linear regressions revealed a positive relationship between increasing soil N 2 O flux and inorganic N concentration under N and N+P addition treatments in comparison with control (Fig 2) . However, no such relationship was found between increased soil N 2 O flux and increased inorganic N concentration for the P addition plots. (Table 5 ). The strongest correlations occurred between soil N 2 O flux and MBN, while those between soil N 2 O flux and soil properties were stronger than those with AP or NAG and soil properties (except for Ts and available P). The correlations analysis showed that soil N 2 O flux were positively associated with NAG, while it was insignificant between soil N 2 O flux and AP (S1 Table) .
Discussion
Promoting effects of N addition
Relatively low levels N or P (20 kg N ha −1 yr −1 or 10 kg P ha
) were added to moderately increase nutrient availability and minimize the impact on the ecosystem [6] . Soil N 2 O flux ; P: 10 kg P ha ) compared to the control. This value was lower than that found in a meta-analysis, which showed that N 2 O flux from N addition plots (10-562 kg N ha
) significantly increased by 216% in wetland ecosystems [36] , also lower than the average increase of 134% in terrestrial ecosystems [9] , indicating that N 2 O emission was significantly influenced by temperature, soil properties, ecosystem type and the amount of N fertilizer applied to the area. In our study, both above-and underground biomass was highly responsive (average 40% and 53% increase, respectively) to N additions, showing that N was the principal limiting nutrient in our study area. Therefore, N addition increased the substrate (NH 
Neutral effect of P addition
In our research, no detectable change in N 2 O flux was found following P addition in the alpine wetland, thus rejecting our hypothesis that P addition causes an increase in N 2 O flux. This finding is consistent with work conducted in forest [2, 39] and grassland soil [40] . However, a negative response of N 2 O flux to P addition was also found in the field and laboratory, and the main explanation by which P reduced N 2 O flux was higher P availability after P addition enhanced N uptake by plants, and decreased the N available to nitrifying and denitrifying bacteria in soil, therefore reduced gaseous N losses [12, 41] . One nutrient addition could change the available pools of another by virtue of influencing uptake processes, mineralization and enzyme activities based on the theory of resource allocation, thereby having an influence on N 2 O emissions from soils [6] . Our study found that P addition decreased inorganic N concentration (average 13% decrease) in the soil, whereas aboveground biomass was significantly increased and the N content in biomass increased 20% (Table 2 ). We also observed that microbial biomass (MBC and MBN) was not significantly affected after P addition, while Ncycling enzyme activities (NAG) increased (Table 4) . P additions may stimulate N cycling, while decreasing available pools of inorganic N in soil by promoting uptake of N in plants ( Table 2 ), so that P addition exerted a neutral effect on N 2 O flux.
Synergy of N+P addition
Although the P addition did not affect soil N 2 O flux, it was substantially increased by an annual average of 102% in the N+P addition plots in the studied alpine wetland. Moreover, the response of cumulative N 2 O flux to N+P addition was higher than N addition alone in the first year, which may be partly attributable to a synergic effect from the N+P addition, which is consistent with previous studies [2, 15] . In our study area, N+P addition could relieve N limitation of plants and microorganisms, and therefore increased plant and microbial biomass (Tables 2  and 4 ). Microbial growth used the available nutrient elemental in stoichiometric proportion. Soil inorganic N concentration and available P in N+P addition plot in comparison with control, increased by an average of 37% and 15%, respectively ( ). The increase in soil N availability induced by N+P addition could stimulate nitrification and denitrifying bacteria, thereby enhancing N 2 O emissions without substrate N limitation. Hence, the effect of N+P addition on soil N 2 O flux was stronger than N addition alone.
Enzyme activities after N and/or P addition AP and NAG catalyze the hydrolysis and cleavage of molecular bonds in compounds, and are therefore critical for soil P-and N-cycling [44] . In our experiment, AP and NAG activities were respectively increased by 32% and 26% in the N addition plot over the control. This result was not completely consistent with the theory of resource allocation [20] , which predicts that when a nutrient is limited, enzyme production increase and vice versa. A significant promotion of N addition on P-and N-cycling enzymes has been found in some terrestrial ecosystems [20, 22, 45] . The way N addition affects AP and NAG may depend on the type of available substrate [46] . In the N-limited ecosystems, one reasonable explanation is that N addition not only increased the plant and microbial biomass in soil (Tables 2 and 4) , enhancing the demand for N, and increasing the activities of NAG, but that it also led to a decrease in the available P content (Table 2) . A soil feedback control mechanism can increase the activities of soil AP, prompting soil microorganisms to secrete more AP to increase soil available P content [47] [48] [49] .
A negligible effect of P addition on AP possible was that the short experimental time we used might have prevented us from observing statistically significant changes in AP after three years of P addition [20] . P addition stimulated aboveground biomass and increased the uptake of inorganic N in soil, reducing soil inorganic N content (Table 2) , and eventually leaded to an increase in activities of NAG. Nevertheless, our study showed that NAG activities associated with P and N+P addition in comparison with control increased by 33% and 27%, respectively, suggesting that P is more important than inorganic N for regulating the activities of NAG.
Conclusion
This 3-year field study measured the response of soil N 2 O fluxes and enzyme activities to N and/or P addition in an alpine wetland on the Tibetan Plateau, China. Our study found that cumulative N 2 O flux in the first year of the N+P addition showed a more pronounced response to N addition, which may be a synergic effect of N+P addition on N 2 O flux. But this synergic effect weakened in the following two years, and so our findings emphasize the importance of long-term research when investigating N 2 O flux. N+P addition increased NAG activities by 27%, while it exerted a neutral effect on AP. Our findings could be conductive to understand soil N 2 O fluxes under different nutrient elements conditions, and provide the useful information for improving soil N losses. 
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